The paper presents the problems of preventing screw joints from self-loosening on one of helicopter. The research examines selected locking methods used in aircraft produced by different manufacturers. Experimental tests were performed to investigate the loosening torque of screw joints locked by various devices: cotter pin, locknut, centre punching, self-locking nut and adhesive. A comparative analysis of the investigated locking methods is made with respect to their locking strength and efficiency.
INTRODUCTION
Screw joints are widely used in various manufacturing sectors, including the aircraft industry. Screw joints are used to connect both elements that have minimal effect on aircraft operational safety and those that are critical to flight safety [2, 4, 6] . An example of a screw joint which is critical to helicopter operational safety is a screw-nut joint which fastens the main rotor head to the main gearbox in one of helicopter (Fig. 1) .
Figure 1. Nut in a joint that fastens main rotor to main gearbox in one of helicopter
Self-loosening of screw joints is one of the unfavourable phenomena that can occur during operation. Screw joints can undergo loosening either due to permanent changes in the dimensions of main components and joints or due to self-loosening of screws and nuts [2] . Hence, all components mounted on the helicopter are locked, as aircraft, especially helicopters, are exposed to highfrequency vibrations during flight, which can lead to the loosening of screw joints and, consequently, to their unscrewing [4, 7, 9, 10] .
CAUSES OF THE SELF-LOOSENING OF SCREW JOINTS AND SCREW JOINT LOCKING METHODS
The self-loosening of fasteners is caused by microdisplacements (micro-slips) on the bearing surface of fasteners relative to the surface of elements being fastened. If a joint is exposed to blows, shaking, vibrations and thermal deformation, a temporary decrease in pressure or pressure loss can occur on the bearing surfaces. This leads to the self-loosening of a joint and, at the same time, to decreased screw tension [6] . For this reason, it is necessary that screw joints be locked. It should be emphasized that in tight screw joints under static load, the friction that occurs on the contact surface between male and female threads as well as on the bearing surfaces is sufficient to secure the joint and prevent the loosening of mating components.
To prevent screw joints from self-loosening, the following can be applied [1, 3, 4, 8] :
 inserts made of materials with high friction factor;  pressed insert nuts;  various types of spring washers;  locknuts;  tapered nuts or screw heads;  shape locking devices, i.e. various screws, toothed flange nuts, tab washers, cotter pins;  high-strength screws and nuts;  adhesives.
One of the methods for locking screw joints is the application of single-component adhesives to fill in the entire free space between a screw thread and nut that will set due to contact with metal and no air access (anaerobic adhesives) [1, 3, 5] . Such locking method prevents any displacement of the male thread surface relative to the female one. In addition, the adhesive ensures leak tightness and prevents threaded surfaces from corrosion.
3 LOCKING OF SCREW JOINTS 3.1 Examples of locking devices for screw joints used in the helicopter construction A screw joint can be locked by means of an anchor nut (self-locking nut riveted into helicopter fuselage). This nut is most widely used for assembling parts such as upholstery, peep-holes or bases of sets (Fig. 2a) , which means that this locking device is not critical to flight safety.
Figure 2 Locking methods: a) anchor nut, b) safety wire (vertical hinge vent plug), c) safety wire (oil filler plug in a hydraulic silencer), d) locking in the fire protection system
Another locking device for screw joints used in the helicopter is a safety wire (lockwire) shown in Figs. 2b and 2c. This locking device is widely used because it is effective and easy to apply. Commonly known as lockwire, the device can be applied in fuel systems, oil systems, antiicing systems, hydraulic or fire protection systems (Fig.  2d) . A lockwire can also be applied in helicopter controls to lock oil filler plugs in hydraulic silencers or vents.
A screw joint can also be locked by means of a cotter pin (Fig. 3) . This locking device is used in the so-called responsible joints, i.e. ones that are responsible for the safety of both an aircraft and its users. This locking device exhibits the best locking properties. When this locking technique is applied, the screw thread is often coated with paint prior to screw locking, which additionally increases friction and, as a result, leads to better locking.
Figure 3 Cotter pin locking of a screw joint in a pusher arm
Another method for locking screw joints is the use of a locknut. This locking device is applied, among others, to adjust brake cable conduits or to join amplifiers with a bracket (Fig. 4a) . In an amplifiers-bracket joint, the locknut is additionally lockwired, which results from the necessity of applying double locking for control systems. This, in turn, is dictated by relevant rules. For this reason, lock plates are also used (Fig. 4b) One more method for locking screw joints applied on the helicopter involves the use of adhesives. Adhesivebased locking is used in a screw joint fastening a collective lever pusher head (Fig. 5) . The use of adhesives results, among others, from lack of other possibilities of locking this joint during assembling.
Figure 5 Screw joint of a pusher head locked by an anaerobic adhesive
Not only does adhesive-based locking prevent loosening, but the adhesive applied also plays the role of a leak stopper and prevents water from entering a screw joint, which reduces the risk of corrosion.
Screw joint locking devices applied on other aircraft types
In some cases, the locking devices for screw joints used on this polish helicopter differ from those applied on other aircraft. Every aircraft is equipped with locking devices such as cotter pins or a safety wire. These solutions, however, are mainly used to lock flight safety parts; if possible, the so-called less complicated locking devices are used.
The tendency is to simplify the assembling of components in aircraft and helicopters, which will result in shorter time of this operation. Hence, in new designs, a great deal of joints is locked by means of self-locking nuts or anchor nuts. Helicopters are equipped with permanent anchor nuts, while modern aircraft can also be equipped with floating anchors that have a movable nut, which facilitates assembling (Fig. 6a) . Also, anchors that are adhesively bonded (not riveted) to the fuselage (Fig.  6a ) are used. Such nuts are very easy to adhesively bond because every nut is equipped with a rubber holder that is forced into a hole. The holder also plays the role of a "positioner," i.e. it positions the anchor nut in the axis of a hole made in the fuselage. This positioning element also presses the nut down to the adhering surface. Once the adhesive has dried up, the rubber element is removed (pulled out). These anchor nuts are easy to adhesively bond, and the operation can be done without the use of any specialist equipment. a) b) Figure 6 Self-locking nuts used in some helicopters: a) floating anchor nut, b) adhesively bonded anchor nut Sealing ring nuts (Fig. 7) are used whenever leakproof joints are required and anchor nuts can be used. The sealing ring prevents water from entering a helicopter. Such anchor nuts are used from the inside on the external plating of a helicopter. (Fig. 8) are an interesting locking device because they can be adhesively bonded in spots that are difficult to access. The outer surface of a sleeve is adhesive-coated during the assembly; the sleeve treated thereby is inserted into a whole. This solution has been applied, among others, on an AW139 helicopter. The adhesively-bonded sleeve is easy to assemble, which can be done without the use of any specialist equipment. There are also sleeves that have a moving threaded part. (Fig. 9 ) are also widely used; they are adhesively bonded inside a helicopter or other aircraft fuselage during the assembly. The assembly of this fastener can only be performed on a flat surface to ensure good adhesion of the bonded base. Fasteners can have the form of screws (on which self-clocking nuts are mounted) and sleeves (where screws are locked using adhesives, lockwire or other device). The application of this solution allows quick assembly without making holes in the helicopter construction (aircraft construction remains intact).
Another locking technique involves the use of adhesives, which ensures high strength properties and results in increased leak tightness of joints. The adhesive spread on a thread of the screw that is screwed on a nut forms a joint that connects a nut with a screw. This locking method is very easy to execute and can be applied in spots that are difficult to access. Many aircraft manufacturers appreciate the practical aspect of this locking method; it is widely applied on aircraft manufactured by companies such as Agusta Westland, Eurocopter or Sikorsky.
RESEARCH METHODOLOGY 4.1 Description of the research object
To avoid damaging helicopter's parts, the experiments were performed using specially made specimens that reflect actual helicopter construction. The models were made of aluminium alloys used in this helicopter (Fig. 9) . The experiments were performed using instruments and materials that were identical to those used in aircraft assembly, so as to obtain results that would reflect real-life situations.
Figure 9 Example of specimens used in the experiments
Specimens with the dimensions of 100x100x5mm had holes of the following diameters: 6, 8 and 10 mm. Screws of such dimensions are most widely used in helicopters of such type, therefore they were used in the experiments.
Every locking device was applied and unscrewed three times, so the results listed in Tables 1, 2 and 3 give means of the three measurements. The test specimens had two holes with the diameters of 6 mm and 8 mm. Following the measurements, the 8 mm hole was enlarged to 10 mm.
The experiments were performed in closed space at the ambient temperature ranging between 20 ± 2°C.
Description of instruments
The loosening torque of nuts was measured using a Facom R 306-25D torque wrench with a range 5÷25 Nm. Owing to the application of different locking devices, wrenches with different end types were used, including socket and claw wrenches. The socket wrench could not be used in the case of the cotter-pin-based locking due to protruding elements of the cotter pin; for this reason, the measurement was made with a claw wrench.
The lockwire was applied using pliers, the so-called twister. The pliers are widely used whenever there is a number of joints to be secured with the wire. The application of this instrument ensures that locking is uniform and well-stretched, which has a positive effect on the locking quality. The narrow jaws ensure that the lockwire is evenly applied in spots that are difficult to access. Tables 1, 2 and 3 present the results of measurements obtained from individual experiments performed on screw joints using different locking devices. Analyzing the data listed in Tables 1÷3, it can be observed the results for loosening torque differ depending on both the locking method and screw diameter applied.
EXPERIMENTAL RESULTS
Examples of locking a screw joint prior to the experiment are shown in Fig. 10 .
Figure 10 Examples of nut locking devices: a) cotter pin, b) self-locking nut, c) lockwire (for screw with d=10 mm)
The obtained results for individual locking methods depending on screw diameter applied are compared in Figs. 11÷15. Torque, Nm ø6 mm ø8 mm ø10 mm
Screw diameter, mm
Tightening torque Loosening torque
Figure 1 . Comparison of the experimental results for Loctite 406 adhesive
All the above methods for locking screw joints are used on a the one of polish helicopter.
Measurement results analysis
Analyzing the measurement results listed in Tables  1÷3, it can be observed that the highest torque required to loosen a screw joint should be applied to a nut locked with a 2.5 mm cotter pin. This results from the fact that the cotter pin is made of steel, which is a hard metal. In addition, an increase in screw diameter leads to an increase in cotter pin size, which also means that a higher force is needed to break the cotter pin (Fig. 11) . The results are significantly affected by the quality of the locking device -the cotter pin cannot get damaged during burring or bending. The cotter pin can only be used once because every bending weakens it, which makes the locking weaker, too. Generally, it can be observed that every case of cotter-pin-based locking exhibits a substantial increase in the loosening torque. For this reason, this locking device is used whenever high resistance to tightening is required.
The research has demonstrated that the use of a selflocking nut is the least effective locking method for screw joints (Tables 1÷3 ). An increase in the loosening torque is insignificant. This locking device is however often used on helicopters. The design of the nut does not lead to a considerable increase in force, yet it ensures high resistance to vibration-caused loosening. This is a significant advantage given vibrations that are generated in aircraft operation. With this locking method, the screw diameter applied does not affect loosening torque values (Fig. 12) .
The application of centre punching to prevent screw loosening leads to an increase in loosening torque; this increase, however, is considerably lower than is the case with joints made with the use of an additional locking device (cotter pin). The effectiveness of centre punching depends on the number of punches made on thread coils of the screw and nut. This number depends on screw diameter, for instance screws with a diameter of 6mm are locked by making two punches, while screws with 10 mm in diameter are locked by three punches. The increased number of punches leads to an increase in the loosening torque (Fig. 13) . If the centre punching of the thread is not accurately executed, it can result in ineffective locking, which was the case in the second test for the screw with 8mm in diameter. The tightening torque was 5Nm; then three punches were made; the force did not change during loosening. The punches were not made on the thread fastening the screw and nut, but on the nut alone, which created a visual illusion of effective locking. The centre punching was found to be incorrect only after the tests and thorough investigation of the fastened elements.
The results of tests performed on the specimens locked by a safety wire with different diameters demonstrated that the application of a lockwire leads to a substantial increase in force needed to break it; also, it was observed that loosening torque increases with increasing screw dimensions (Fig. 14) .
The adhesive-based locking ensures high strength properties. It was observed that an increase in the screw dimensions leads to an increase in the loosening torque of a nut (Fig. 15) . This results from an increase in adhesively bonded surfaces. This locking method is convenient to execute and can be applied in areas that are difficult to access.
CONCLUSIONS
The aircraft industry is developing rapidly, which is reflected in the advanced locking technologies used in this industry sector. Modern locking solutions are aimed at reducing aircraft weight. Until recently, as demonstrated by the case of an Mi2 helicopter, the locking techniques included the use of a lockwire and cotter pins, or centre punching. At present, other aircraft manufacturers equip their products with modern locking devices, such as moving anchor nuts that are adhesively-bonded to spots that are difficult to access as well as adhesive-locking, which considerably facilitates the assembly and accelerates the production process.
The application of locking in the aircraft industry ensures safe aircraft operation, which consequently increases their service life. New locking methods, e.g. adhesive-based ones, lead to reduced construction weight. This method can also be applied wherever some other locking device cannot be applied. The main advantage of the use of adhesives is that this method prevents joints from self-loosening and provides additional sealing. The screw joint sealing is vital if it is applied on aircraft plating. For this reason, the Sokół helicopter fuselage is subjected to leakproof test in a specially designed rain-simulating cabin. In the case of leakage, an additional leak stopper is applied.
Adhesives can also be used to fasten threaded sleeves or threaded fasteners to the fuselage. Adhesive-based locking methods are more and more often used on new helicopters or airplanes. Engineers are currently working on ways of reducing aircraft weight, as lower weight means lower fuel consumption and higher load capacity at the same time.
It can however be observed that some locking devices for screw joints have been long used for all aircraft types with no changes to their design. One example of such locking devices is a cotter pin. This locking solution has been used for several years in different aircraft types, including helicopters. As demonstrated by the research results, this method ensures the most resistant locking of screw joints. A value of the nut loosening torque was much higher than that of tightening torque. Therefore, this locking device is applied wherever the highest locking protection is required.
Another locking device that has been used for a long time is a safety wire (lockwire). It is a simple and fast method for locking screws, nuts, conduits or vent plugs. The research has demonstrated that lockwire resistance to damage is high; besides, this locking device can be applied on any area of an aircraft. This solution is widely applied in locking screw joints located on the engine and its accessories. If other locking techniques were applied there, for instance a Teflon self-locking nut or adhesive, they could be damaged by high temperature that occurs there.
One more locking method that has long been used on helicopters is centre punching. However, this method is seldom applied to the helicopter. The method is applied to joints that are not critical to flight safety. Analyzing the experimental results, it can be observed that values of loosening torque do not depend on screw joint diameter.
The application of a locking technique depends on the area where the locking device is to be applied. As demonstrated by the results, a cotter pin is the most resistant locking device, yet its use is not always recommended. Sometimes it is necessary that other, less resistant locking technique be used due to practical and economic reasons.
The locking devices used in the helicopter described and investigated in the present study affect both reliability and, in effect, operational safety of this aircraft.
